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Abstract

In connection with the intensive investigationpobteases, several methods have been
developed for analysis of the substrate specififye to the great number of proteases and
the expected target molecules to be analyzed, tiamel cost-efficient high-throughput
screening (HTS) methods are preferred. Here weribesthe development and application of
a separation-based HTS-compatible fluorescent gsetassay, which is based on the use of
recombinant fusion proteins as substrates of psetea

The protein substrates used in this assay consfsié-terminal (hexahistidine and
maltose binding protein) fusion tags, cleavage eeges of the tobacco etch virus (TEV) and
HIV-1 proteases, and a C-terminal fluorescent pmat@Apple or mTurquoise2). The assay is
based on the fluorimetric detection of the fluoesdcproteins, which are released from the
magnetic bead-attached substrates by the protealigavage. The protease assay has been
applied for activity measurements of TEV and HI\pibteases to test the suitability of the
system for enzyme kinetic measurements, inhibitetadies, and determination of pH
optimum. We also found that denatured fluorescentems can be renatured after SDS-
PAGE of denaturing conditions, but showed diffeesna their renaturation abilities. After
in-gel renaturation both substrates and cleavagdugts can be identified by in-gel UV

detection.
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1. Introduction

Due to their essential role in numerous biologmacesses, proteases are claimed to
be one of the most important groups among knowgraeZamilies. Proteases are involved in
many biological pathways; their malfunctions can regponsible for many degenerative
disorders, cancer, inflammations, etc. On the otfaerd, proteases are important drug targets
due to their central role in the life-cycle of @ifént bacteria, viruses, and other parasites. In
humans, 5-10% of drug targets show protease agtimitd the search for new molecules to
target proteases is still highly important botlagademic and industrial resear€@hoe et al.,
2006; Kostallas et al., 2011; Zhang et al., 201L.2

In connection with the intensive investigationpobteases, several methods have been
developed for the analysis of their substrate $jp@gi Due to the great number of the
proteases and the expected target molecules todigzad, time- and cost efficient high-
throughput screening (HTS) methods are preferreccoAding to Zhang 2012, HTS-
protease assays can be divided into two major grobpmogenous and separation-based
assays.

In the case of homogenous assays, it is not redjdor the detection to separate the
products and/or the substrates present in theioeantixture. Fluorescent detection-based
assays are highly preferred due to their high segitgithat allows detection in a dense, low
volume format, which is especially important in HTi®ie most widely utilized fluorescence-
based approaches include assays based) @hgmically quenched dyes for example in the
assay developed by Hassiepen et 2007 for deubiquitinating proteasesi)(fluorescence
resonance energy transfer (FRET), of which the cplas were firstly described by
Matayoshi et al. 1990 on HIV PR and it has become widely utilized ardoafurther
improved for example by Branchini et a20(L1); (iii) dual-label quenched pairs such as the
one developed in our laboratory by Bagossi et28104; or (v) fluorescence polarization for
example in case of the assay designed by Levinealet (1997 for human
cytomegalovirus protease.

On the other hand, separation-based assays offethex excellent way for
investigating protease activity. In these approacheducts and/or substrates are isolated
from the reaction mixture mainly by liquid chromgtaphy and analyzed independently (e.g.:
by mass spectrometry). This assay type utilizingersed-phase high-performance liquid
chromatography (RP-HPLC) is also commonly appliedour laboratory as described by
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Tozseér et al.}99]) or Fehér et al.2006. A great advantage of these assay types islibat t
allow kinetic reading of the enzymatic reactionsh@ugh instrumentation requirements of
these approaches are relatively high.

All of these approaches are excellently enginearatican be well-applied in several
cases, although each of them has its own limitat@remically quenched dye-based assays
can monitor the changes in substrate sequenceoartlye amino (N) side of the scissile bond,
and cannot be applied for proteases that havd stgeirements in the carboxyl (C) side of
the cleavage site. FRET-based approaches requie [@ercent of substrate turnover for
reliable readouts, while assays using dual-labetnghed pairs often limited by high
background signals due to the improper separatibnthe fluorescents spectra. The
fluorescence polarization assays have high seitgitior the changes of the fluorescent
signal, however, outside a moderate range the Istipes not correlate linearly with product
concentration. Moreover, in several assay formhags gossibility of getting false positive
results is relatively high, due to compound aggtiega enzyme degradation, impurities, or
chemical reactivity, especially in the case of eyst proteases, where thiol/thiolate group
causes high-reactivityédhav et al., 2010; Zhang et al., 20}2

In addition to the widely utilized short peptideskd substrates or small molecule
fluorescent probes, recombinant fusion protein sates have been also successfully applied
in several protease assay formd&atgl et al., 2001; Chaparro-Riggers et al., 200%skin
et al., 2011; Branchini et al., 2011; Zhou et al2014. Moreover, fluorescent protein (FP)
containing fusion protein substrates offer highgnstive, cost-efficient, and stable tools,
which can be easily adapted for the detection tefsgpecific protease cleavadeafel et al.,
2001; Chaparro-Riggers et al., 2005; Aoki et al.,d8; Askin et al., 2011; Branchini et
al., 201). Some of these assays are also compatible with fdimats Chaparro-Riggers et
al., 2005; Askin et al., 2011)and some also allow the determination of cleavdgetics
(Chaparro-Riggers et al., 200h

All of these approaches comprise excellent solstimn studying protease specificity,
however, considering all of the listed aspectsdieclopment of assay formats that integrate
most of the advantages of these platforms and rffay mew ones in an improved format is
still on demand.

Here we report the development and applicationaokeparation-based, HTS-
compatible,in vitro fluorescent proteolytic assay system, which isedasn the use of
recombinant fusion protein substrates. Substraagged with mApple or mTurquoise2
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fluorescent proteins have been tested for actiiteasurements of the human
immunodeficiency virus type 1 protease (HIV-1 PRYahe tobacco etch virus protease
(TEV PR). The designed system was applied to déterikinetic parameters of the studied
enzymes, and to test the inhibitory effect of tihetgase inhibitor amprenavir on HIV-1 PR
and the pH dependence of TEV PR activity. Besidessuring the fluorescence of the
supernatants (due to the release of fluoresceavate products from the magnetic bead-
attached substrates) by a fluorimeter, the sulestiatd cleavage products were also analyzed
by polyacrylamide gel electrophoresis in the preseor absence of denaturing conditions.
We found that removal of SDS from the gel enables s$ystem for fluorescent in-gel
detection of the proteins together with their malac weight-based identification. The
recombinant protein substrate system describediben@table to generate substrate libraries

or insert wide variety of sequences into the sabstrto study several types of proteases.



2. Materials and methods

All materials were purchased from Sigma-Aldricht (uis, MO, USA) unless
otherwise indicated.

Oligonucleotide primer sequences are also availablthe public oligonucleotide

database of Laboratory of Retroviral Biochemistrgd://Irb.med.unideb.hu/research/oligos).

2.1 Expression vectors

pDest-Hig-MBP-mApple and pDest-HisMBP-mTurquoise2 plasmids were prepared
by Gateway Cloning Technology (Thermo Fischer Sdieninvitrogen) based on Tropea et
al. (2007). The linear DNA sequences to be transferred ®N221 donor vector into
pDEST-Hig-MBP (Tropea et al., 200y were amplified by a two-step PCR reaction.
pDON221 and pDEST-HigVIBP vectors were kind gifts of dr. David S. WaufXClI-
Frederick, USA).

In the first step the coding sequences of therel@sfluorescent proteins were
amplified by a PCR reaction (100 pl final volumejng 300-300 ng N1 and C primers (5'-
GAGAACCTGTACTTCCAGGGTGGTGCATCTACACGCGGTTTAATTAATCTTTGCT
AGCATGGTGAGCAAGGGCG-3) and C primers (5-
GGGGACACACTTTGTACAAGAAAGCTGGGTTATTACTTGTACAGCTCGTCBT-3)),
and 1800 ng mApple-N1 or pPalmitoyl-mTurquoise2spiads (Addgene) as templates.
Reaction mixtures contained Pfu buffer + MgSQ@O0x) (Thermo Fischer Scientific,
Fermentas), Pfu DNA polymerase (Thermo Fischerfiifie Fermentas), 10 mM dNTP mix,
and nuclease-free water (to set final volume to Q0 The following PCR protocol was
used: cyclel (1x): 5 min at 94°C; cycle2 (30x): hrat 94°C, 1 min at 45°C, and 3 min at
72°C; cycle3 (1x): store at 4°C.

The PCR products were separated by gel electreptsousing 1% agarose gel. The
linear PCR products (having ~800 base pair lengtiese cut out from the gel and purified by
Qiagen DNA extraction kit (Qiagen). Twenty-five md the purified DNA was used as a
template in the second PCR reaction (100 pl firdiwme) containing 300 ng N2 (Thermo
Fischer Scientific, Invitrogen; 5-
GGGGACAAGTTTGTACAAAGCAGGCTCGGAGAACCTGTACTTCCAG-3) and C
primers, and Pfu buffer + MgS10x) (Thermo Fischer Scientific, Fermentas), PNA
polymerase (Thermo Fischer Scientific, Fermentd€), MM dNTP (Biorad) mix, and
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nuclease-free water (to set final volume to 100 Tile PCR protocol was the same as in the
case of the first-step reaction.

The PCR products were purified by Qiagen Nucleoiemoval Kit (Qiagen). Three-
hundred ng of the purified linear DNA sequence Kkh by attB sites was used in a BP
reaction (recombination betweeaitB and attP sites) with pDON221 (Thermo Fischer
Scientific, Invitrogen). Thereafter, LR reactiomwi(fthe recombination betweeattL andattR
sites) was performed for 4 hours using 300 ng efawrified entry clone and 800 ng pDEST-
Hise-MBP destination vector (Addgene). Gateway clonisteps and the following

transformations were carried out according to tla@ufacturer’s protocol.

2.2 ‘Cloning cassette’ and the inserted HIV-1 P&aghge site

Circular pDest-HisMBP-mApple and pDest-HigMBP-mTurquoise2 expression
vectors were cleaved by Pacl and Nhel restrictindoaucleases (New England Biolabs).
Cleavage products were separated by 1% agarosgegéiophoresis, and the linear plasmids
were cut out from the gel and purified by QiagenfO&ktraction kit (Qiagen). The annealing
of the complement oligonucleotides coding for theacage sites to be inserted, and their
ligation into the linearized expression plasmidsenvearried out by the following reactions:
200-200 ng forward (5-TAAAGTGAGCCAGAACTATCCGATTGTGAGG-3) and
reverse (5-CTAGCCTGCACAATCGGATAGTTCTGGCTCACTTTAATY) primers were
mixed with 150 ng purified linearized expressioragohid. The reaction mixtures were
incubated at 65°C for 2 minutes and after that°& #r 2 minutes. Thereafter, T4 DNA
Ligase Reaction Buffer (10x) and T4 DNA Ligase (NEwgland Biolabs) were added, and
the reaction mixture was incubated at 25°C for lrhimllowed by incubation at 16°C
overnight.

Next day 100 pl ofEscherichia coliBL21(DE3) competent cells (Thermo Fischer
Scientific, Invitrogen) were transformed by 15 |fltbe ligation reaction mixture by heat
shock (at 42°C). The transformation reaction wagah on Luria-Bertani (LB) agar plates
containing 100 pg/ml ampicillin. Grown colonies werultured at 37°C for overnight in LB
medium containing 100 pg/ml ampicillin followed plasmid preparation using Qiaprep Spin
Mini Prep Kit (Qiagen). DNA sequences of the pedfiplasmids were verified by capillary
DNA sequencing using pDest-His6-MBP-FP  sequencingrwdrd primer (5'-
GATGAAGCCCTGAAAGACGCGCAG-3).



2.3 Expression of substrates

Recombinant substrates were expresseHsicherichia coliBL21(DE3) cells. Cells
were grown in LB medium containing 100 pg/ml amlprciat 37°C up to an absorbance of
0.6-0.8 at 600 nm. Protein expression was indugeithd addition of 1 mM isopropy-D-1-
thiogalactopyranoside (IPTG) followed by incubatifmm 3 hours. Cells were harvested by
centrifugation at 4,000 g for 15 minutes at 4°Cu@lo CR 412). Cell pellets were stored at
least for 1 hour at -70°C before lysis of the ¢edisd were let to thaw on ice for 15 minutes.
Pellets were suspended in 2 ml lysis buffer (50 sodium-acetate, 300 mM NaCl, 10 mM
imidazole, 0.05% Tween 20, pH 8.0) containing ptmeyhanesulfonyl-fluoride (PMSF) at a
final concentration of 25 pg/ml. Lysozyme and DNaseymes (New England Biolabs) were
added in 1 mg/ml and 10 U/ml final concentratioresspectively. Cell suspensions were
vortexed and occasionally mixed during incubatioriae for 10 minutes, then were aliquoted
into microcentrifuge tubes and sonicated for 3 n@auTubes were centrifuged at 10,000 g
for 20 minutes (Eppendorf 5415D) at room tempemtand the supernatants (cleared
bacterial lysate containing the desired recombifasibn substrate) were collected.

2.4 Purification of the substrates

Cleared bacterial lysates containing the desiembmbinant fusion substrate were
added to Ni-NTA magnetic agarose beads (Qiager)stispensions were incubated at least
for 20 minutes at room temperature while continlypebaking. Magnetic beads were washed
three times with 1% Tween 20 (pH 7.0), then wagheeke times by washing buffer (50 mM
sodium-acetate, 300 mM NaCl, 5 mM imidazole, 0.0b¥#een 20, pH 7.0) and three times
by cleavage buffer (50 mM sodium-acetate, 300 mNCINAB.05% Tween 20, pH 7.0) using
Dynamagd"-2 magnetic particle concentrator (Thermo Fischgerific, Invitrogen). Beads
were incubated in cleavage buffer for 60 minute87aC while continuously shaking at 600
rom and thereafter beads were applied to Dynath@gmagnetic particle concentrator
(Thermo Fischer Scientific, Invitrogen). Superntdawere removed and substrates were
eluted from the beads using elution buffer (100 BDMTA, 0.05% Tween 20, pH 8.0). Buffer
was exchanged to cleavage buffer by using 10K Amitdes (Merck-Millipore). Total
protein concentrations were determined by BCA mnosssay (Thermo Fischer Scientific,
Pierce) and by measuring absorbance at 280 nm lmpDiap 2000 equipment (Thermo
Fischer Scientific). Both methods were applied sianeously to verify the results, but OD
280 nm values were used for further calculations.

8



2.5 Expression and purification of HIV-1 PR

The plasmid coding for the HIV-1 PR was kindly yided by Dr. John M. Louis
(Laboratory of Chemical Physics, NIDDK, NIH). Thé\H1 PR coding region contained five
stabilizing mutations (Q7K, L33I, L63l, C67A, an®®A), the construction of the plasmid

was described previoushtduis et al., 1999; Mahalingam et al., 1999 HIV-1 PR was
expressed inEscherichia coliBL21(DE3) cells. Cells were grown at 37°C up to an
absorbance of 0.6-0.8 at 600 nm, in LB medium c¢oimg 100 pg/ml ampicillin, and
induced for expression with 1 mM IPTG for 3 houtells were harvested by centrifugation
at 6,000 g for 20 min at 4°C. After removal of thgernatant, the cell pellet was treated as
described previouslyMahalingam et al., 200). Pellet was suspended in 20 volume of buffer
A (50 mM Tris, 10 mM EDTA, pH 8.2), and lysed iretpresence of 100 pg/ml lysozyme by
sonication on ice. The lysate was centrifuged a0@D g for 20 min at 4°C, suspended in
buffer B (buffer A containing 2 M guanidine-HCI arido Triton X-100) and centrifuged
again. Pelleted inclusion bodies were suspendduaifier A and centrifuged again. The final
pellet was dissolved in buffer C (50 mM Tris, 5 nEMDTA, 7.5 M guanidine-HCI, pH 8.0),
filtered through 0.22 um pore size filter (Merckilpiore) and applied to a Superose 12
10/300 GL column (GE Healthcare) equilibrated inrfd®I Tris, 4 M guanidine-HCI, 5 mM
EDTA containing buffer (pH 8.0) at a flow rate a60ml/min at ambient temperature. Peak
fractions were pooled and subjected to RP-HPLC dAQROS 20 R2 column (Thermo
Fischer Scientific, Applied Biosystems). Puritys#iected fractions was assessed by sodium
dodecyl sulphate-polyacrylamide gel electrophoréSBS-PAGE) using 16% polyacrylamide
gels. The protein was folded by dialysis into ONd5formic acid at pH 2.8 followed by a
dialysis using cleavage buffer (50 mM sodium-aetdd0 mM NacCl, 0.05% Tween 20, pH

7.0) or 2x cleavage buffer for HPLC assays.

2.6 Gel electrophoresis

Purified recombinant protein substrates and clgavaroducts were analyzed by
PAGE, using 14% polyacrylamide gel. Two differendtpcols have been used: i) 6X loading
buffer (300 mM Tris, 20% glycerol, 0.05% bromophefdue, pH 6.8) containing no
reducing agents was added to those samples, where wot heat-treated before the
electrophoresis Gross et al.,, 200§ ii) the samples mixed with 6X loading buffer -
containing 12% SDS and 100 mBtmercaptoethanolp¢(ME) as reducing agents - were
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heated at 95°C for 10 minutes. The electrophonesass followed by washing the gels with
distilled water for 30 minutes at room temperatdree fluorescent proteins in the unstained
gels were visualized by using Dark Reader Bluesitaminator and by using UV imaging
function of an Alphalmager gel documentation sys{emoteinSimple). Gels were stained by
PageBlue Protein Staining Solution (Thermo FiscBeientific). Densitometry of gels was
performed by using ImageJ 1.43 softweBel{neider et al., 201Pand by GelAnalyzer 2010a

program (www.gelanalyzer.com).

2.7 Calibration curve of the substrates

mTurquoise2 and mApple fluorescent protein-com@nsubstrates were used for
calibration. The purified substrates were dissoluwecelution or cleavage buffer, and the
solutions containing the substrates in differemalficoncentrations were transferred into black
half-area plates. Relative fluorescent intensitigsre measured by Biotek Synergy2
multimode plate reader using 590/35 nm excitatio &45/40 nm emission filters for
mApple, while 400/10 nm excitation and 460/40 nmssion filters for mTurquoise2. Blank-
corrected relative fluorescent intensity values WRRwere plotted against the substrate
concentration (mM). Linear regression was perforraed the parameters of the fitted lines

were determined by Microsoft Excel 2010 (Microsoft)

2.8 Kinetic and inhibition study using HIV-1 PR

Substrates were coated to Ni-NTA magnetic agabesels as it was described in 2.4

section. The substrates coated to the beads wepersded in cleavage buffer, and then
increasing amounts of the homogenous suspensions measured into 2.0 ml Protein
Lobind Micro-centrifuge tubes (Eppendorf). The tsbeere applied to a Dynamah2
magnetic particle concentrator (Thermo Fischer 18ifie, Invitrogen), the supernatant was
removed and the beads were suspended in equal ea@fiobeavage buffer.

For determining the amount of the substrate a¢thdio magnetic beads, substrate
control samples were also prepared in the sameasdfe reaction samples except that the
suspension was in elution buffer instead of cleavagfer.

To determine kinetic time course for the releaserofeolytic fragments, cleavage of
Hise-MBP-VSQNY|PIVQ-mTurquoise2 and HiSVBP-VSQNY|PIVQ-mApple substrates
(at 0.0016 mM and 0.0024 mM final concentratioespectively) by HIV-1 PR (at 36.4 nM
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final concentration) was followed by measuring fegcence after 0, 20, 40 and 60 minutes
incubation.

The purified HIV-1 PR was added to each reactiod ecubated for 60 minutes at
37°C while continuously shaking at 600 rpm. Cleavagactions were performed by using
36.4 nM HIV-1 PR (final, total enzyme concentrajicand substrates containing HIV-1
matrix and capsid (MA/CA) cleavage site sequenc&Q@NY|PIVQ). Substrate blanks
(reactions, where cleavage buffer was added instédte enzyme) at each concentration
points were also made to detect non-specific satestdissociations. Reactions were
terminated by separating the magnetic beads onmggd'-2 magnetic particle concentrator
(Thermo Fischer Scientific, Invitrogen) and supéangs were measured as described in 2.7
section.

Initial velocity values (nM3) were calculated from the blank-corrected RFUs\gisi
the slope of the substrate calibration curves @awhge buffer and were plotted against the
coated substrate concentration (mM) assessed fubastrate control sample using the slope
of the substrate calibration curve in elution buff@netic parameters were determined at less
than 20% substrate turnover by Michaelis-Menten -livear regression analysis using
GraphPad Prism version 5.00 for Windows (GraphPeaitivare, La Jolla, California USA,
www.graphpad.com).

Hiss-MBP-VSQNY|PIVQ-mTurquoise2 recombinant substrate (0.028 mMalfi

concentration) was used to study inhibitory effecamprenavir (ranging from 1nM tqui/

final total concentrations) on HIV-1 PR (at 36.4 nfihal concentration). After the
termination of the reactions the fluorescence gfesmatants was measured. Initial velocity
values (nM&) were plotted against the logarithms of amprenadncentrations (nM).
Inhibitory effect at 50% initial velocity value (k) was determined by fitting five parameter
logistic curve on the data using GraphPad Prismsiorr5.00. Data of the present inhibitory
measurement was applied for the determination @ffeaenzyme concentration used for
assessing kinetic parameters and inhibitory cohsfdre inhibitory constant (K value was
calculated from the 1§ value using the following equation:; i (ICso-[E])/2)/(1+[S]/Kn),
where [E] and [S] are the concentrations of actereeyme (6.05 nM) and substrate,

respectively, while k is the Michaelis constant.

2.9 Kinetic and pH dependence study of TEV PR
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TEV PR stock solution, purified by the method ofpkiat and its co-worker&apust
et al., 200), wasa kind gift of dr. David S. Waugh (NCI-FrederickSH).

Hise-MBP-VSQNY|PIVQ-mTurquoise2 and HisMBP-VSQNY|PIVQ-mApple
recombinant substrates were used to study the ageakinetics of TEV PR (the final
concentration of the enzyme in the kinetic assags ¥5.71 nM). Kinetic reactions were
performed as described in 2.8 section, but incohagmperature was set to 30°C.

Hise-MBP-VSQNY|PIVQ-mTurquoise2 recombinant substrate (at 0.03 rimhal
concentration) was used to study pH dependenceEdf FR. Substrates coated to Ni-NTA
magnetic beads were purified as it was describéddirsection, but the pH of cleavage buffer
was different (pH was set to 6.0, 6.5, 7.0, 7.8, 8nd 8.5). The final concentration of TEV
PR was 91.42 nM in the reaction mixtures. Substodek samples (where enzyme buffer
was added instead of the enzyme) were also prepareédach reaction to detect the
dissociation of substrates from the beads at éiffiepH values (the composition of the
enzyme buffer was described previouslyKapust et al., 2001) After the termination of
reactions the fluorescence of supernatants wasurezhss it was described in 2.8 section.

Initial velocity values (nMs™) were plotted against pH.

2.10 Recycling of the magnetic beads

Ni-NTA magnetic beads (Qiagen) were used repeatédting the experiments; the
beads were regenerated before each use. Diffevéierd were used for all six washing steps
of regeneration:if 0.5 M sodium-hydroxide and 0.05% Tween 40; §.05% Tween 20ji{)
elution buffer; {v) 0.05% Tween 20; (v) 100 mM NigGand 0.05% Tween 20; (vi) and
0.05% Tween 20. Each washing step was repeatetirfies. For long-term storage the beads

were suspended into 30% ethanol containing 0.5%ehv2® (pH 7.0).

2.11 HPLC-based protease assay

The protease assays were initiated by the mixirtyd purified HIV-1 PR (dialyzed
against 2X cleavage puffer, 430 nM final concemrgt 10ul 2X cleavage buffer, and @
synthetic oligopeptide substrate (in 0.47-2.35 mikklf concentrations) representing the
naturally occurring MA/CA cleavage site of HIV1 FRSQNY |PIVQ).

The reaction mixtures were incubated at 37°C forniinutes and stopped by the
addition of 9 volumes of 1% trifluoroacetic acidFA). The samples were injected onto
Nova-Pak C18 reversed-phase chromatography colMatefs Associates, Inc.) using an
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automatic injector. Separation of substrates ardvelge products was performed by using
acetonitrile gradient (0 to 100%) in water, in firesence of 0.05% TFA. We monitored the
cleavage of peptides at 206 nm, followed by integnaof the peak areas. Reactions were
monitored at < 20% substrate hydrolysis.

Active enzyme concentration (22.05 nM) was deteediithe same way as kinetic
measurements except that 2X cleavage buffer cadaamprenavir as a potent inhibitor
(final concentration ranging from 1 nM to 80 nM reaction mixtures) at 0.47 mM final

oligopeptide substrate concentration.
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3. Results and discussion

3.1 Structure of the expression vectors

pDest-Hig-MBP-mApple and pDest-HisMBP-mTurquoise2 plasmids were prepared
by using Gateway cloning technology based on ttserg®ion of Tropea et al2007). We
have designed N1 primer of the first PCR reactioraiway that besides amplifying the
desired FP, it also codes for a so called ‘clortagsette’, which is located between the TEV
PR cleavage site and the FP. The schematic steucfua pDest-HisMBP-FP plasmid is
illustrated inFigure 1.

Both pDest-His MBP-mApple and pDest-HigVIBP-mTurquoise2 plasmids carry the
coding sequence of a Higffinity tag and a MBP fusion protein, followed layTEV PR
cleavage site (ENLYF@G), the ‘cloning cassette’, and a C-terminal flisment protein (FP).

The nucleotide sequence coding for the desiredepiyiic cleavage site can be
inserted into the ‘cloning cassette’, which congatfeavage sites of Pacl and Nhel restriction
endonucleases next to each other (Sgere 1). The plasmids linearized by Pacl and Nhel
restriction enzymes have sticky ends and can loérealarized after the addition of a linear
dsDNA sequence flanked by Pacl and Nhel sticky elmdsur case, short and linear dsDNA
sequences to be inserted were created by the ematiof complementarg. colioptimized
(forward and reverse) oligonucleotide primers, Wwheode for a cleavage site sequence of
HIV-1 PR. The coding sequence of the HIV-1 PR ciepvsite was inserted into pDestgis
MBP-mApple and pDest-HigMBP-mTurquoise2 plasmids by ligation.

It is important to note that the coding sequerafethe fluorescent proteins are not in
the open reading frame without the insertion ofghaperly designed linear dsDNA-s into the

plasmids, therefore, the fluorescent proteins ramestated only after a successful ligation.

3.2 The fluorescently labeled recombinant fusiastgin substrates

Recombinant fusion proteins were expressed toagora@n N-terminal hexahistidine
affinity tag (Hig) and a maltose binding protein (MBP), followed ddgavage sites of TEV
and HIV-1 proteases, respectively, while on theef@ainal end a fluorescent protein variant is
fused to the cleavage site to be processed. Tkeofolhe Hig affinity tag is to enable the
recombinant proteins to be immobilized on metallatee surfaces, and also to make the
purification of the proteins by immobilized metdfimty chromatography (IMAC) possible.
The N-terminal MBP fusion protein enhances the watdubility of the recombinant protein
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substrate and improves its foldingapust et al., 1999; Fox et al., 2003; Fox and Wabg
2003, while TEV protease cleavage site serves as t@annia@l control cleavage site. Here we
applied plasmids coding for C-terminal mApple orunquoise?2 fluorescent proteinShaner

et al., 2008; Goedhart et al., 2002 Compared to other similar protease assBgte( et al.,
2001; Chaparro-Riggers et al., 2006 our recombinant substrates contain an MBP fusion
tag, as well, to provide a spacer preventing thesiide influence of substrate immobilization
on the enzyme kinetic parameters. Therefore, thavelge sites of TEV and HIV-1 proteases
are not located in the close proximity of the affitag responsible for the binding to the
magnetic beads, and the flexibility of this MBP-kRerdomain linker provides sufficient
accessibility of the cleavage sites in the immabii substrates.

In our experiments, the recombinant protein sabsér contained a cleavage site
sequence in order to carry out activity measuremmehHIV-1 PR. The inserted (9 residue-
long) sequence represented the P5-P4’ amino asidues of the naturally occurring cleavage
site between the matrix and capsid (MA/CA) of HI\pdlyprotein Tozser et al., 1991

The recombinant substrates were successfully sgedeinE.coli BL21(DE3) strain
and the desired proteins were recovered from thdysate under native conditions for the
purification and for the protease assay using NAN®ated agarose beads.

The expressed fusion protein substrates in theedeaacterial lysates were attached
to Ni-NTA coated magnetic agarose beads. Aftercteavage by HIV-1 PR or by TEV PR,
the N-terminal part of the processed substratesiread attached to the magnetic beads and
could be separated by a magnetic particle condentrahile the fluorescent C-terminal part
could be well-detected in the supernatant, basedwhith kinetic parameters can be
calculated. The process of the assay is illustrat&iigure 2.

Ni-NTA beads were utilized not only for assay pwsg®, but also for purifying the
substrates from the cleared bacterial lysates. eéBaltrophoresis analysis of the purified
substrates demonstrated that the fusion proteidstia expected molecular weight (~72
kDa) and purity for the assay. We have also vetiffeat both TEV PR (data not shown) and

HIV-1 PR cleaved the recombinant substrates effityethe cleavage products can be well-
differentiated and visibly detected on the dab(re 3).

Effect of temperature on the stability of fusiomgin substrates was also studied. We
examined the effect of storage at 4°C and incuba#ib 37°C on substrate degradation.
Stability assays were assessed by densitometrigsasaof gels from repeated denaturing
SDS-PAGE analyses (data not shown). We observedigmficant substrate degradation

15



neither for storage at 4°C for at least two weets for incubation at 37°C for 24 hours.
Conformational stability of the HiSMBP-VSQNY|PIVQ-mApple recombinant substrate
was assessed by tryptic digestion, as well (seéhadstand results iMotyan et al.,
submitted). Results of this enzymatic analysis indicatedoprdolding of the substrate. We
observed no decrease in band intensities for tlwr@ssie-stained protein products (data not
shown) and for the UV image of mApple after in-gehaturation (see section 3.3), which
implied no degradation of the fusion partners wliile accessible interdomain linker was

cleaved by trypsin.

3.3 In-gel renaturation of fluorescent proteins

The purified recombinant protein substrates aedwidge products were analyzed by
PAGE, using denaturing or non-denaturing conditidngeng the sample preparation, while
polyacrylamide gels contained SDS in both cases. Sdmples, which were not denatured
were treated with loading buffer containing no r@dg agents and were not heat-treated
before the electrophoresis. Loading buffer contegnSDS and3-ME was added to the
samples to be heat-treated for the denaturatigmadéins.

The fluorescence of the bands in the case of moatdred samples was readily
detected by blue light transilluminatdfigure 3A) and by UV imagingKigure 3B) using a
gel documentation system after the electrophordsis. presence of SDS in the gels makes
the detection of the fluorescence of denatureddisent proteins impossible, furthermore, it
interferes with Coomassie staining. Therefore, dleetrophoresis was followed by washing
the gels with distilled water to remove SDS andataere the proteins. We found that removal
of the SDS from the gels made the detection ofrélscence possible by using blue light
transilluminator and UV imagind-(gure 3A and 3B).

To our knowledge, protocol for the detection eioflescent proteins after a denaturing
SDS-PAGE analysis (including heat-treatment) byhiras out the SDS from the gel has not
been published till now.

The fluorescence of denatured recombinant proseibstrates and products were
successfully detected in the gel by UV imaging raftee removal of SDS, because the
washing step was found sufficient for at least iphmtenaturation of the proteins. The
advantage of the application of protein denatunétematuration in this protease assay is that
the cleavage products can be separated from eheh lmsed on their molecular weight, and
their native charge or shape does not affect thagration during electrophoresis. Besides the
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differentiation based on protein size, the appaiprbands can be identified based on their
fluorescence, as well. The protein size-based iiietton could be relevant if the molecular
weights of other cleavage products (or contamindrasging no fluorescence closely resemble
to those of the fluorescent products. This is regméed inFigure 3C, where the cleavage
products are not separated fully from each othénencase of non-denaturing electrophoresis,
while can be differentiated in renatured samplésr@oomassie staining of the g€éidure
3C). In the case of multiple cleavages within theenesd target sequence, the cleavage
products having different molecular weights may ddso identified by denaturing gel
electrophoresis, while cannot be differentiatedepjubased on measuring the fluorescence of
the supernatant.

We have investigated the resolution ability of gutyacrylamide gel electrophoresis
to separate cleavage products having similar mtdesveights. His MBP-VSQNY|PIVQ-
mApple recombinant protein substrate was digestetily-1 and TEV proteases, and the
proteolytic fragments were separated by SDS-PAGEgua 14% polyacrylamide gel. The
~1.5 kDa differences between the cleavage prodwdtsch showed only 15 amino acid
residue difference in their lengths, were cleaibible in the Coomassie-stained gEigure
3D). This implies that SDS-PAGE may be indicative aiernative cleavages within the
substrates, and the proteolytic fragments showimyg slight differences in their molecular
weights can be differentiated. As the resolutiorstiongly dependent on the type of the
applied gel, theoretically it can be further impedwy increasing the gel concentration or by
applying tricine-SDS-PAGE.

It is important to note that differences were obsd in the renaturation of mApple
and mTurquoise?2 fluorescent proteins. mTurquoiseRved substantially better renaturation
ability compared to mApple, when detected by bigétltransilluminator and UV imaging
(Figure 3A). While band intensity of renatured mTurquoisethpared to the non-denatured
was at least 50% based on densitometry, mApple stiawly ~10% fluorescence intensity
but was detectable in the gel under UV lightgure 3B). It has already been reported by
Gross et al(2000)that the acylimine bond of the dsRed chromophoneasersibly degraded
upon denaturation. The acylimine bond, being resid® in part for the red shift of mApple
(Shu et al., 200p may be also disrupted upon denaturation andctesmge can be possibly
responsible for the lower renaturation ability oApple. While detailed analysis of the

changes induced by denaturation may help undels@nthe differences between the
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sensitivity of the fluorescent proteins, the inigetion of renaturation abilities was out of the

scope and extent of this study.

3.4 Substrate calibration curves

We have tested whether the fluorescence intersityhe purified substrates is
proportional to their concentration. Relative flascence intensities of substrates in either
elution or cleavage buffers were measured to pectaa calibration curves. Based on the
calibration we found that the relative fluorescemtensities are directly proportional to the

substrate concentration in the range applied iregperimentsKigure 4).

3.5 Kinetic and inhibition study of HIV-1 PR
Although publishedn vitro protease assay systen@héparro-Riggers et al., 200%

Patel et al., 2001; Askin et al., 2011; Zhou et aR014 may be adapted to several proteases,
to our knowledge, the applications of fluorescawotgin-based assays for the measurement of
HIV-1 PR activity have not been published so far.

In order to demonstrate the suitability of the ali®d protease assay system, we
performed enzyme kinetic measurements by usingtsues, which contain the HIV-1
MAJ/CA cleavage site sequence. Kinetic parameteransarized inTable 1A show that
kcalKm values for HIV-1 PR measured on mApple and mTuispbsubstrates are practically
identical, while the individual J; and K, values differed substantially. Representative lgsap
for non-linear regression analyses of measured aaashown inFigure 5A and B, and
Figure 5C and Dgraphs show that kinetic time courses are lineattfe fluorescent cleavage
products. For comparative purposes we have alsvrdeted the kinetic parameters for HIV-

1 PR using an oligopeptide substr@iable 1B), where folding efficiency of HIV-1 PR was
calculated to be 5.13 %. The K, values determined for HIV-1 PR by oligopeptide
substrate closely resemble that of measured byett@mbinant protein substrates, while the
individual kinetic parameters were substantiallyhi@r in the peptide assay. These differences
might be accounted for the effect of different srdie types, like extended binding site and
effect of neighbouring protein domains on the cépes site flexibility. Our previously
published much higher specificity constant (45.3 tha1') for the oligopeptide substrate
representing the same cleavage site was deternuinger very different assay conditions,
including the different buffer systems, which halierent pH (pH 5.6) and ionic strength (2
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M) (Tozsér et al., 1991 compared to the recombinant protein substrateebassay (pH 7.0
and 300 mM NacCl concentration).

It is important to note, that the recombinant dusiprotein-based assays were
performed at pH 7.0, because substrates attachméin¢ bead-surface is pH dependent and
most effective over pH 6.0. However, the appliedipHhigher than in the case of synthetic
oligopeptide substrate-based HPLC assays (pH B.6) Kehér et al., 2006; Eizert et al.,
2008, the HIV-1 PR activity was successfully measuatdeutral pH on the recombinant
fusion protein substrates. It should be noted ithaur assay relatively low salt concentration
(300 mM NacCl) was applied compared to the high saiftcentration (2 M or more), which
was previously found to be optimal for retrovirabigases and was used in common HPLC-
based assays (eBagossi et al., 2004; Fehér et al., 2006

The HIV-1 protease inhibitor amprenavir was usethe@easing concentrations to test
its inhibitory effect on the cleavage of E8IBP-VSQNY|PIVQ-mTurquoise2 fusion protein
substrate by HIV-1 PR. The sigmoid dose-responseduepresented iRigure 6) was used
to determine 16, (21.43 nM) and Kvalues (6.75 nM).

Our results demonstrate that this substrate sygtesnitable to study the inhibitory

potential of protease inhibitors on the enzymevitgti

3.6 Kinetic and pH dependence study of TEV PR

In order to examine the internal control TEV PRagkege site of the fusion protein
substrates, kinetic measurements by TEV PR were gerformed on HisMBP-
VSQNY |PIVQ-mTurquoise2 and HiSMBP-VSQNY|PIVQ-mApple substrates.

Values summarized ihable 1A show that kinetic parameters determined on mApple
and mTurquoise2 substrates are very similar, aadtiK, value is also similar to what was
determined for TEV PR using an oligopeptide sulbstfENLYFQ|GGTRR (3.08 £ 0.67
mM™ s Kapust et al., 2003, while both the k and k4 values are substantially lower than
those found in the peptide-based assay €0.087 + 0.017 mM; & = 0.27 + 0.03 §;
Kapust et al., 2002. Differences may be attributed to the differambstrate types as detailed
for HIV PR cleavage, furthermore, the buffer systeand ionic strengths were also different
in the oligopeptide- and the recombinant proteiadobprotease assays (400 mM and 300 mM
NaCl, respectively), furthermore, no reducing agemére added to the buffer in the herein
described protease assay, while activity measurenoéMEV PR have been performed in the
presence of DTTKapust et al., 2002.
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TEV PR was found previously to have no activityoatbelow pH 5.0 but is active
over a pH range between 6.0 and ®arks et al., 199%, therefore, this enzyme was chosen
to demonstrate that the method is suitable fordéeermination of the pH dependence of
enzymes that prefer alkaline reaction conditidfigyre 7). TEV PR activity was measured in
the 6.0-8.5 pH range, and we found no statisticalnificant differences between the
activities measured at pH 6.5, 7.5, 8.0, and 8rGpared to the highest activity observed at
pH 7.0. These results are in agreement with teealitire dataRarks et al., 199% and imply
an optimal pH range for TEV PR.

Standard deviation (SD) at pH 6.0 was found todbatively high compared to SDs
of the results at other pHs (data not shown). phesnomenon may be caused by the nature of
the interaction between the Ni-NTA agarose bead ted Hig fusion tag of a protein
substrate, which significantly weakens at or unpler 6.0 (in agreement with the manu-
facturer’s specifications). Our results also showelstantial substrate dissociation at pH 6.0,
while only weak dissociation was observed at hightdr(Figure 8). Spontaneous substrate
dissociation was considered during the evaluatibnkinetic measurements and values
measured for the enzyme reactions have been cedrbgtthe fluorescence of substrate blank

samples.

3.7 Advantages and limitations of the assay system

Due to the flexibility of the ‘cloning cassettahe expression system allows easy
generation of a substrate library, the desiredooligleotide sequences can be inserted into
the ‘cloning cassette’ simply by a one-step PCRctrea. The expression construct was
designed to make the ligation efficiency easy-tni by a simple transilluminator, because
the FP is only translated if the insertion of theagage site is successful.

Besides the mApple and mTurquoise2, other flu@eisproteins (e.g. mCherry, green
fluorescent protein, etc.) can be also attachdétieédusion protein by the modification of the
expression construct. Since 3’ and 5’ ends of thABequences of the most commonly used
fluorescent proteins are highly similar, numerolessmid variants can be created by using
only one pair of N1 and C oligonucleotide primeltudfescent proteins ensure highly
sensitive fluorescent detection in the designedyaand - as an extra advantage - it makes the
recombinant fusion substrate easy-to-follow durigpression, purification and working
procedures. Fluorescent proteins that most suitett@erimental purposes and the given
instrumentation can be chosdvafidson et al., 2009
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Although protease assay systems based on the fusecambinant protein-based
substrates (consisting of an affinity tag, a prbteo cleavage site of interest, and a
fluorescent protein) have already been developade( et al.,, 2001; Chaparro-Riggerst
al., 2005 Askin et al., 201}, our system may provide a novel tool for protesesearch by
combining and also improving the advantages ofatheady developed methods by offering a
true separation-based assay that enables the ded¢ion of protease kinetic parameters{k
Km) supported by a detailed substrate quantificapimcedure (linearity of the fluorescence
versus substrate concentration is examined in a wadcentration range, also considering the
difference in the relative fluorescence in eluteord cleavage buffer) in a low volume, HTS-
compatible format, utilizing a fusion protein substs equipped with MBP to enhance
protein solubility, built-in TEV PR cleavage sit $erve as a control cleavage site, and with
monomeric FPs to avoid substrate aggregation. Meredor a simple and fast demonstration
of cleavage of the desired substrate with a speeiizyme, the fluorescent substrates and the
generated products can be visualized by gel elgotn@sis [Figure 3). Our observations were
in agreement with the previous observations of Gaeel its co-workers, who found that the
fluorescent proteins exposed to denaturants shdierelces in their stability despite the
close relationshipsS@aeed et al., 2009 Therefore, abilities of proteins for renaturatioeed
to be considered in the experimental design, flemat proteins with higher stability need to
be chosen or in-gel renaturation needs to be fudpgmized to make the detection of less-
stable proteins sensitive enough.

The herein described recombinant fusion proteipssate-based protease assay has
the advantage that it can be effortlessly adaptedTS environmentlfglese et al., 200y
due to the followings:i) the reaction can be well performed using smaliwme of reagents
(in our case total reaction volume was under 70(j1))no built-in factors of the system limit
the lengths of the assay procedures, it depends amithe incubation timeji() the assay
procedure itself consists only of 6-7 short stéya are fully automation compatibley) no
special instrumentation is needed, which makesissay especially cost-efficient.

Due to the nature of the fluorescence read o, absay is highly sensitive, and
despite of the fact that it is an endpoint meththe system also offers good relative
estimation of the catalytic efficiency. Other attree feature of the assay is that simple and
safe operation is ensured during the whole process.

Since both the substrates and the products hamgasifluorescence due to the
presence of the fluorescent protein tag, they darbe differentiated in solution by
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fluorimetric measurements, therefore, in our assgstem the substrates are attached to
magnetic beads to make the separation of the gealvagments (present in the supernatant)
from the uncleaved proteins possible, likewisehim ¢ase of other similar assai?atel et al.,
2001; Chaparro-Riggers et al., 2005. On the other hand it is also possible to study
proteolytic cleavage of the previously purified oethinant substrates by in-solution
digestion, and in this case uncleaved substrates the cleavage fragments can be
differentiated by electrophoretic separation andecudar weight-based identification.

We have also tested the feasibility of the sotutphase-extraction method for the
removal of the substrates and processed N-ternfiaginents from the reaction mixtures.
Purified His-MBP-VSQNY|PIVQ-mApple substrate was incubated with the Ni-Nd@ated
magnetic beads, and the dependence of substratendpion bead concentration and
incubation time was studied (see methods and seeguMotyan et al., submitted. It was
found that the substrates are able to be withdrfmam the solution by the addition of Ni-
NTA magnetic beads, and increasing bead concemtrati incubation time also resulted in
elevated attachment of the substrates to the b&ausimplies that the magnetic beads may
be useful for the removal of uncleaved substrata® the reaction mixtures in the case of an
in-solution digestion assay, however, the optimdatof the binding conditions (bead
concentration and incubation time) is necessaryiding the use of long incubation time is
advisable, and high bead concentrations could blyssiake handling the mixtures difficult
especially in a low volume format. It is also imf@ot to note that in order to set an in-
solution protease assay, beyond the optimizatiosubktrate removal, a proper method that
do not interfere with the magnetic beads and wita fluorescence of the recombinant
proteins, is also needed to be optimized to stegkkavage reaction.

Two methods widely applied for stopping enzymagactions have been tested by
examining the bead-binding and fluorescence prgserof Hig-MBP-VSQNY|PIVQ-
mApple substrate after trichloroacetic acid (TCARd heat-treatments (see methods and
results inMoétyan et al., submitted. As it was expected, TCA-treatment (using TCA6%
final concentration) abolished fluorescent propertythe substrate and prevented effective
binding of the substrate to the magnetic bead®rdstingly, heat-treatment (incubation at
95°C for 10 minutes) has not caused the total tdsibuorescent property of the substrate,
approximately 50% decrease in the signal intensig observed, and similarly to TCA-
treatment, it also substantially inhibited bead@tment. The above mentioned methods were
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not found to be useful for stopping the reactiore do their adverse effects on the

fluorescence properties of the substrates.

Some more features that can make the system nttvaetae is that based on our
observations one calibration curve suits for a ektsubstrates (data not shown), the
measurements are characterized by low level of im@s and due to the strong nature of
Hise-tag and Ni-NTA interactions the background of theasurement due to non-specific
substrate leakage is especially low.

However, just like any other analytical and scregmmethods this protease assay
system also has some of its limitations. For examible reaction and buffer conditions must
be adjusted to the optimal conditions of Ni-NTA matic beads, and the effective attachment
of the substrates to the bead-surface is pH depénéecording to the manufacturer’s
handbook, monomer proteins start to be released the bead surface at pH 5.9, whereas
multimers are released at pH 4.5. Although thegesl assay works reliably over pH 6.0, in
some cases lower pHs may also be applied, howdverrate of spontaneous substrate
dissociation at each reaction must be followed jpgr@priate control reactions and must be
considered at the evaluation of the results. We albserved increased spontaneous
dissociation of substrates at pH 6.0, while inarepaghe pH led to weaker dissociation
(Figure 8).

In our experiments purified enzymes were appliedleavage reactions, but in some
cases the use of unpurified protease solutions atsay be desired. Working with crude cell
lysates needs to be carefully optimized, the nabfithe protease of interest and the sample
origin (e.g. bacterial, eukaryotic) is also reqdir® be considered. To avoid unwanted
cleavages by other proteases which may cause ttbstaf the results, the application of
protease inhibitor cocktails may also be necesgamyin silico prediction (performed by the
PeptideCutter module of EXPASYy, accessible at/hitpb.expasy.org/peptide_cutter) showed
the presence of possible cleavage sites for sepeotdases within the recombinant protein
substrate sequences. This implies that additiona ofrude cell lysate to the purified
recombinant substrate may cause cleavages at taudttps. However, it is important to note
that we have tested the susceptibility of a recousuii substrate towards digestion by trypsin,
and our results showed proper folding of the exg@dssubstrates, thus no degradation of the
fusion partners was observed. This implies thatMB# and fluorescent proteins may be not

cleaved efficiently by endogenous proteases, baitiriterdomain linkers are accessible and
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can be sensitive towards proteolysis by endogeponteases. In the case of total cell lysate
samples the in-gel detection may be problematiCdomassie-stained gels because the bands
of substrate and cleavage products are buried thiéh endogenous protein bands, but
according to our denaturing SDS-PAGE analyses linardscent proteins can be properly
detected in gels by UV imaging (data not shown).ilévthe recombinant substrates may be
useful only for the detection of protease actigitief unpurified proteases, a great
disadvantage of this application is that it is neeful for determination of enzyme kinetic
parameters.

Our studies showed stability of the recombinafisgates, which implies that longer
incubation times may be also used in the desigmetbg@se assay system due to the stability
of the recombinant substrates at 37°C for at I2dshours. Conformational stability of the
substrates was proved by tryptic digestion, profmding of the recombinant protein
prevented fragmentation the fusion partners.

Future users may also need to pay special atterttothe type of the applied
fluorescent protein tags in the reaction, sinceordscent proteins have the tendency to
produce dimers and some of them may be unstaldegfire, monomer and stable variants
are preferredhaner et al., 2005; Shaner, 20)4
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4. Conclusions

Here we describe the development and applicatfoa ecombinant fusion protein
substrate-based protease assay.

Plasmids coding for the backbone of the recomljnfinorescent protein-coding
substrates were created using Gateway cloning ¢émipn Each expression construct
comprises the coding sequences of a lisd an MBP N-terminal fusion tag, a TEV PR
processing site, a ‘cloning cassette’, and a Citainfluorescent protein. Linear DNA
sequences coding for the cleavage sequences t@abered can be inserted into the designed
‘cloning cassettes’ of the plasmids by ligation.eTlwhole fusion protein substrates can be
expressed irE. coli BL21(DE3) cells and purified by Ni-NTA-coated matjneagarose
beads. The bead-attached recombinant protein stdsstcontaining the sequences to be
cleaved are processed by the protease of intefést.reaction can be terminated by the
removal of the N-terminal products by using a magnegarticle separator, and based on the
detected fluorescence of the released C-terminatdscent products the kinetic parameters
can be determined. Ni-NTA coated magnetic agareseldfacilitate the easy purification of
the intact protein substrates for other analytmalposes, e.g.: substrate calibration, protein
content determination or PAGE. Due to the fluoraspeoperties of the protein substrates the
whole working procedure is especially easy to feliasually.

The protease assay was successfully applied éoadtivity measurements of a HIV-1
PR and TEV PR. The assay system was found to bielusedetermine enzyme kinetic
parameters, to determine the inhibitory potentiabmprenavir on HIV-1 PR, and the pH
dependence of TEV PR, as well.

Our protease assay system shares some similantis previously developed
methods Patel et al., 2001; Chaparro-Riggers et al., 200%skin et al., 201), that are also
based on the use of recombinant protein substcatesining an affinity tag (for substrate
immobilization) and a fluorescent fusion tag (fatettion) besides the proteolytic cleavage
sites. The bead-attached substrates and the pzotdaavage-released products can be
guantified by fluorimetric measurements. Howevieese recombinant protein substrate-based
assays are theoretically suitable for kinetic mesments, only one of these assays
(Chaparro-Riggers et al., 200% have been used for the determination of kinetiameters
for the studied enzyme. Similarly to the substrdésigned by Patel et a{2001) our
substrates also contain a control cleavage sit€EM protease.
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Our assay format integrates most of the advantafigseviously mentioned fusion
protein-based platforms, furthermore, importantgssdements of these methods are applied
in an improved format. Furthermore, despite thevabmentioned similarities, our assay was
designed to contain improvements compared to thewiqusly described systems. An
advantage of our system is the possibility for tdetermination of the kinetic parameters
supported by a detailed substrate quantificatiacguiure (linearity of the fluorescence versus
substrate concentration is examined in a wide adragon range, also considering the
difference in the relative fluorescence in elutiand cleavage buffer), which helps the
generation of more reliable results. Moreover, mgletion of the recombinant substrates has
been also performed by the insertion of an MBPdiugirotein prior to the protease cleavage
sites to improve the folding efficiency and solitpibf the substrates, further expanding the
potential use of our assay system. IntroductioMBP was expected to minimize possible
effects of immobilization on substrate cleavage tuehe increased distance between the
cleavage sites and the affinity tag. However, askverffects of immobilization (due to the
proximity of the cleavage site sequences to thiaigfftags) have not been described for the
similar assaysHatel et al., 2001; Chaparro-Riggers et al., 2005Another advantage of this
system is the lowered volume format (final volunfer@action mixtures i70 pl), which
altogether with a simplified assay procedure makesassay compatible with HTS systems.
By the application of the recently engineered moexem mApple and mTurquoise2
fluorescent proteins the potential aggregatiorubksrates can be minimized.

While most HIV protease assays are based on thefusligopeptide substrates, for
studying the external binding sites of the HIV-1 BRd other retroviral or retroviral-like
proteases elongated substrates are necessary. pplieaon of the recombinant fusion
protein substrates provide good alternative for dpethetic oligopeptide substrates. One of
the main advantages of the developed protease mstwt both the full-length substrates and
the cleavage products can be readily detected liysam by blue transilluminator or UV
imaging system after PAGE analysis. We found the in-gel UV detection of the
recombinant protein substrates and cleavage preducttaining a fluorescent protein tag is
also possible after the in-gel renaturation of preteins after a denaturing SDS-PAGE
(including heat-treatment of the samples). Stabditthe substrates provides their storage at
4°C and makes the application of longer incubatiimes at 37°C possible.

Due to the flexibility of the assay system, widgiety of the sequences can be easily
ligated into the ‘cloning cassettes’ of the expi@ssplasmids. The cost-efficient and
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expeditious generation of the fluorescent fusiobstates harbouring the cleavage site of
interest, makes the system especially attractivetife generation of substrate libraries, by
which the method can be a good alternative togbrotease specificity measurements (e.g.
similar to ones described Hyizert et al. 200§, mutagenesis studies, or due to the HTS-
compatible format of the entire assay proceduren{frbacterial cell disruption to the
determination of the kinetic parameters), it cobkl also effectively utilized for industrial
protease inhibitor screening and/or antiviral ddeyelopment. Moreover, in principle, by
mixing substrates bearing different C-terminal flegcent tags, the assay may be suitable for
the examination of competitive proteolysis of atpase of interest on different cleavage sites,
in one reaction. Further investigation and optimaraof the assay for this future application
is also in the scope of our laboratory.
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Figure legends

Figure 1. Schematic representation of the pDest-HisVIBP-FP expression vector coding
the recombinant fusion protein substratesNucleotide sequence of the ‘cloning cassette’ is
also indicated, recognition sequences of Pacl adnel Mndonucleases are underlined, while
restriction endonuclease cleavage sites are iratichy asterisks. His hexahistidine tag;
MBP: maltose binding protein; TEV: tobacco etchusir FP: fluorescent protein. Arrow

shows cleavage position in TEV protease cleavagg ENLYFQ|G).

Figure 2. Principle of the fluorescent protease aayg. The cleavage of the recombinant
substrate by HIV-1 PR is illustrated on the example Hiss-MBP-VSQNY|PIVQ-
mTurquoise2 substrate. C-terminal part of the satest(containing the fluorescent tag) is

released by the proteolysis into the supernatashtan be detected by fluorimetry.

Figure 3. In-gel renaturation of recombinant fluorescent protein substrate and cleavage
products. Purified His-MBP-VSQNY|PIVQ-FP proteins were used as substrates for
cleavage by HIV-1 PR. Both non-denatured and deedttenatured samples were analyzed
by SDS-PAGE. Sample denaturation was performedelay-tieatment of the samples at 95°C
in the presence of SDS amfidME. A) The unstained gels were illuminated by blue light
transilluminator before (left panel) and after Ktigpanel) washing the gel, as well.
Fluorescent bands of the molecular weight standeied also indicatedB) Bands of the
recombinant substrates are also shown and repraseneé efficient renaturation of
mTurquoise2 fluorescent protein compared to mApatejt was visualized under UV light
after washing the SDS out from the g€l In the case of denaturation, the two cleavage
products of HissMBP-VSQNY|PIVQ-mTurquoise2 substrate were separated from each
other based on their molecular weight, and canifberentiated in the Coomassie-stained gel,
while less prominent separation was observed fernitn-denatured sample) Hiss-MBP-
VSQNY|PIVQ-mApple substrate was cleaved by HIV-1 or TEtpases and the cleavage
fragments were separated on 14% polyacrylamideafget denaturing the samples, the gel

was stained by Coomassie dye. The proteolytic elgavsites are underlined within the
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sequences of MBP-mApple interdomain linkers (arromdicate cleavage positions), and

calculated molecular weights of the substrate hegtoducts are also indicated.

Figure 4. Substrate calibration curves of relativefluorescence intensity units versus
substrate concentration. Linear regression analysis was used to evaluatgitsesf the
calibration and determine®Rand slope values. Graphs show the calibrationesuof Hig-

MBP-VSONY|PIVQ-mTurquoise2 A, B) and Hig-MBP-VSQNY|PIVQ-mApple C, D)

substrates in cleavaga,(C) and elution buffersg, D).

Figure 5. Michaelis—Menten plots of velocity versussubstrate concentration. Graphs
show the results of cleavage of HMBP-VSQNY|PIVQ-mApple @) and Hig-MBP-
VSQNY|PIVQ-mTurquoise2 B) substrates by HIV-1 PR. PIVQ-mAppl&) and PIVQ-
mTurquoise2 B) fluorescent cleavage products were measuredflopiescence plate reader
in the supernatants of the cleavage reactions. Idear regression analysis was used to
evaluate the results of the protease assays ardrieé vaxand K, values. Representative
time courses are also shown for HidBP-VSQNY|PIVQ-mApple C) and Hig-MBP-
VSOQNY|PIVQ-mTurquoise2 @) substrates in the case of cleavage by HIV-1 PR.
Concentrations of PIVQ-mAppleCj and PIVQ-mTurquoise2D)) fluorescent cleavage

products have been calculated and plotted agamet t

Figure 6. Inhibition of HIV-1 PR by amprenavir. Hiss-MBP-VSQNY|PIVQ-mTurquoise2

fusion protein was used as substrate for inhibitr@asurement.

Figure 7. Dependence of TEV PR activity on pHActivity of TEV PR was measured at
different pH by usingdiss-MBP-VSQNY|PIVQ-mTurquoise2 fusion protein as substrate.

Figure 8. Spontaneous dissociation of substratesoim the magnetic beads is dependent
on pH. Spontaneous substrate dissociation from the Ni-NAgarose bead surface was
examined in TEV PR pH dependence study by uskigs-MBP-VSOQNY|PIVQ-

mTurquoise2 fusion protein as substrate.
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Table 1. Kinetic parameters of HIV-1 and TEV PRs. A) Hisg-MBP-VSQNY|PIVQ-
mTurquoise2 and HiSMBP-VSQNY|PIVQ-mApple substrates were used for activity
measurements. Kinetic parameters were determineddoylinear regression of data. B)

Kinetic parameters determined for the HIV-1 PR gsn oligopeptide substrate.

Fluor eﬂ_cent k?;iﬁ Km Keat/Km
protein (s (mM) (mMm*sh
mTurquoise2 0.321+0.001 0.0163 + 0.0001 19.69  0.14
HIV-1PR
mApple 0.050+ 0.0008 0.0027 + 0.0002 18.52 + 1.40
mTurquoise2 0.0050 + 0.0001 0.0024 + 0.0003 2.08+0.26
TEV-PR
mApple 0.0038 + 0.0001 0.0021 + 0.0004 1.81+0.35
H H kcat K m kcat/K m
oligopeptide (s) (mM) (mM* s
HIV-1PR VSQNY|PIVQ 32.21+5.34 2.02+0.51 15.94 + 4.82




pDest-His,-MBP-FP

attB2

TEV protease .
Hisg MBP L) cleavage site S::::::g Fl:(::i(se:nt
ENLYFQ|G
,,,,,, \
- N
S N
- \
Pac I Nhe I
v v
57 ... TTA/A_T]TAATCTTCTGETAGC .. 37
37 . ..AATTAATTAGAAGACGATCG... 57
4 4
Pac I Nhe I




MAGNET

MAGNET

i TEV protease s
H = — — —
1S6 MBP cleavage site VSQNY |PIVQ mTurquoise2
cleavage HIV-1 PR
His, H MBP (| TEV protease £ 1 vy .
cleavage site PIVQ mTurquoise2

~44 kDa

~27 kDa




washing out SDS from the gel

Hise-MBP-VSQNY | PIVQ-mTurquoise2

(~ 72 Kdn)

[lisg WYIBP. YSQN Y PIVQ -mAppl

(-7 n)

CLY Q- mADpy

(i ! ( IRGI YSOQNY
(541 | G Gl Y
(i WG [

[ [ ) LPIYOQ-m
Q-m
[

PLY Q-mApple

(/2,16 kDa)




RFU

RFU

25000

20000

15000

10000

5000

40000
35000
30000
25000
20000
15000
10000

5000

R2=0.9977
0.005 0.01 0.015 0.02 0.025
S (mM)
R2=0.9980
0.005 0.01 0.015 0.02 0.025
S (mM)

RFU

RFU

25000

20000

15000

10000

5000

50000
45000
40000
35000
30000
25000
20000
15000
10000

5000

R?=0.9983

0 0005 001 0015 002 0025
S (mM)

T R2=0.9991

0 0005 00l 0015 002 002

S (mM)



>

a v (nM s

PIVQ-mApple (nM)

0.304

0.254

0.20

0.15

0.104

0.054

0.00

ACCEPTED MANUSCRIPT

0.000

160 -
140 -
120 A
100 A
80 A
60 -
40 4
20 +

T
0.005

T T
0.010 0.015

[S] (mM)

T
0.020

R2=10,988

20

30 40

Time (min)

50

60

1
0.025

B

v (nM s)

PIVQ-mTurquoise2 (nM) &

1.50+

1.254

1.00

0.754

0.50

0.254

0.00

0.00

500 +
450 A
400 A
350 A
300 A
250 A
200
150 -
100 -
50

T
0.01

T T
0.02 0.03

[S] (mM)

T
0.04 0.05

R2=10,959

10

20 30 40

Time (min)

50 60



ACCEPTED MANUSCRIPT

0.557
0.50+
0.45+
0.40+

2035+
[

% 0.30+

~ 0.251
>
0.20+
0.151
0.10+
0.05+

0.00 T T T T T T
-0.5 0.0 0.5 1.0 L5 2.0 2.5 3.0 3.5

log[amprenavir] (nM)




ACCEPTED MANUSCRIPT

0.304

0.25- §
~~ 0204 [
% 0.154

=
> 0.10

0.05

0.«) T T T T T 1
6.0 6.5 7.0 75 8.0 85 9.0

pH




ACCEPTED MANUSCRIPT

17.54

T T T
n < \n
~ v«

15.04
12.54
10.04

(2%) @ensqns
poajeroossip A[snoouejuods

=
S

60 65 70 75 80 85 9.0

5.5

pH



